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Weyl semimetals and nodal line semimetals are characterized by linear band touching at zero-dimensional
points and one-dimensional lines, respectively. We predict that a circularly polarized light drives nodal line
semimetals into Weyl semimetals. The Floquet Weyl points thus obtained are tunable by the incident light,
which enables investigations of them in a highly controllable manner. The transition from nodal line semimetals
to Weyl semimetals is accompanied by the emergence of a large and tunable anomalous Hall conductivity.
Our predictions are experimentally testable by transport measurement in film samples or by pump-probe angle-
resolved photoemission spectroscopy.
PACS numbers: 73.43.-f,71.70.Ej,75.70.Tj
It has become well known that topological concepts under-
lie many fascinating phenomena in condensed matter physics.
After in-depth investigations of topological insulators[1–3],
considerable attention is now focused on topological semimet-
als. Unlike topological insulators, whose gapless excitations
always live at the sample boundary, topological semimetals
host gapless fermions in the bulk. The two major classes
of topological semimetals under intense study are (i) nodal
point semimetals and (ii) nodal line semimetals (NLSM). The
nodal point semimetals include Dirac semimetals(DSM)[4–
14] and Weyl semimetals(WSM)[15–31]. The main feature
of the band structures of DSMs and WSMs is the linear band-
touching points (“Dirac points” and “Weyl points”), which
are responsible for most of their interesting properties, includ-
ing novel phenomena induced by the chiral anomaly[32–44].
NLSMs[45–63] differ in that they contain band-touching lines
or rings[107], away from which the dispersion is linear.
In this Letter we show that driving NLSMs by a circularly
polarized light (CPL) creates WSMs, namely, nodal lines be-
come nodal points under radiations. Our work was motivated
by recent progress in Floquet topological states [64–83], in
particular, Ref.[84] showed that incident light can shift the lo-
cations of Weyl points in WSMs. The effect we predict in
NLSMs is more dramatic: band-touching lines are driven to
points; thus, the dimension of the band-touching manifold is
changed. Meanwhile, a large anomalous Hall conductivity
tunable by the incident light emerges. Unlike the photoin-
duced Hall effect in WSMs[84], which is proportional to in-
tensity of incident light, the Hall conductivity in our systems
is large and quite insensitive to the light intensity at low tem-
perature, though it depends sensitively on the incident angle
of light. The surface Fermi arcs of the Floquet WSMs have a
simple interpretation, namely, it comes from tilting the drum-
head surface dispersion of NLSMs.
The Floquet WSMs derived from NLSMs are highly tun-
able, in particular, the Weyl points can be freely tuned to any
locations on the nodal line. Hopefully this tunability will mo-
tivate further investigations of fascinating properties of topo-
logical materials.
Recently, there have appeared experimental evidences
of nodal lines in PbTaSe2[55], ZrSiS[85–88], ZrSiTe[89],
and PtSn4[90], and quite a few theoretical proposals in
Cu3PdN[53, 54] Ca3P2[56, 61] Hg3As2[91] and three-
dimensional graphene networks[52]. Thus our prediction can
be experimentally tested in the near future.
Drive nodal line semimetals to Weyl semimetals.— NLSMs
with negligible spin-orbit coupling (SOC) can be regarded as
two copies of spinless systems; thus, we first consider spin-
less models for notational simplicity. Near the nodal line, the
physics can be captured by two-band models[53, 54, 59]. Our
starting point is the model Hamiltonian ˆH = ∑k ˆΨ†kH(k) ˆΨk
with ˆΨk = (cˆk,a, cˆk,b)T and (~ = c = kB = 1),
H(k) = [m − Bk2]τx + vkzτz + ǫ0(k)τ0, (1)
where a, b refer to the two orbitals involved and m, B are pos-
itive constants with the dimension of energy and inverse en-
ergy, respectively; v refers to the Fermi velocity along z direc-
tion; k2 = k2x+k2y +k2z , and τx,y,z are Pauli matrices and τ0 is the
identity matrix. Although quite simple, this two-band model
well describes several candidates of NLSMs[53, 54] in which
the spin-orbit coupling can be neglected. The form of ǫ0(k)
is not crucial and is specified later. When ǫ0 = 0, the energy
spectra of this Hamiltonian read
E±,k = ±
√
[m − Bk2]2 + v2k2z . (2)
The nodal ring, on which the two bands touch, is located at
the kz = 0 plane and determined by the equation k2x + k2y =
m/B. The nodal ring is protected by a mirror symmetry,
MH(kx,y, kz)M−1 = H(kx,y,−kz), with M = iτx[108].
We study the effects of a periodic driving. For the sake of
concreteness, suppose that a light beam comes in the x direc-
tion, with the vector potential A(t) = A0[0, cos(ωt), sin(ωt +
φ)][109]. The choice φ = 0 and φ = π corresponds to right-
handed and left-handed circularly polarized light (CPL), re-
spectively. The electromagnetic coupling is given byH(k) →
H[k + eA(t)]. The full Hamiltonian is time periodic; thus, it
can be expanded as H(t, k) = ∑n Hn(k)einωt with
H0(k) = [m − Be2A20 − Bk2]τx + vkzτz,
H±1(k) = −eA0[2B(ky ∓ ie±iφkz)τx ± ie±iφvτz]/2,
H±2(k) = −Be2A20(1 − e±i2φ)τx/4, (3)
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FIG. 1: Conceptual illustration. A Dirac nodal line semimetal has
band-touching lines/rings and linear dispersion in the two transverse
directions. CPL lifts all the band touching except at two isolated
points, near which the dispersion of the Floquet bands is linear in all
three directions, i.e., Weyl points. The different colors of the Weyl
cones represent different chirality (±1).
and Hn = 0 for |n| > 2. In the limit where the driving
frequency ω is large compared to the other energy scales,
a proper description of the system is the effective time-
independent Hamiltonian[65, 92–95], which reads
Heff(k) = H0 +
∑
n≥1
[H+n,H−n]
nω
+ O( 1
ω2
)
= [m˜ − Bk2]τx + vkzτz + λkyτy + · · · , (4)
where λ = −2e2BvA20 cos φ/ω and m˜ = m − Be2A20. The main
effect of the driving manifests in the λkyτy term, which is
nonzero as long as cosφ , 0, though circular polarizations
(φ = 0 or π) maximize |λ|. The energy spectra of Heff are
given by
˜E±,k = ±
√
[m˜ − Bk2]2 + v2k2z + (λky)2. (5)
Once λ , 0, the energy spectra immediately become gapped
except at the two Weyl points K± = ±(
√
m˜/B, 0, 0) (see
Fig.1). We can expand Heff around the Weyl points as
H±(q) = ∑i j vi jqiτ j with q = k −K± referring to the momen-
tum relative to the gapless points, with vxx = ∓2
√
m˜B, vyy =
λ, vzz = v, and all other matrix entries are 0. The chirality of
the Weyl points at K± is χ± ≡ sgn[det(vi j)] = ±sgn(cosφ).
The appearance of cos φ implies that the chirality has a sim-
ple dependence on the handedness of the incident laser beam;
thus, reversing the handedness causes the reversing of the chi-
rality of Weyl points. Moreover, the locations of the Weyl
points are tunable by changing the direction of the incident
laser beams. For instance, the two Weyl points are located at
±(0, √m˜/B, 0) if the laser beam is along the y direction.
If one considers a nodal ring of generic shape and the inci-
dent light along the x direction, one can show that Weyl points
are created around the local maxima and local minima of kx
on the nodal ring, and the chirality of the Weyl point is oppo-
site on the maxima and minima. Since the numbers of local
minima and local maxima are equal on a ring, the Nielsen-
Ninomiya theorem[96] stating the equality of the numbers of
Weyl points with opposite chirality is automatically satisfied.
Anomalous Hall effect (AHE).— One of the significant con-
sequences of the topological transition from NLSM to WSM
is the emergence of the AHE characterized by a nonzero Hall
conductivity. The conductivity can be obtained from the linear
response theory[66], which leads to
σµν = e
2ǫµνρ
∫ d3k
(2π)3
∑
α
fα(k)[∇k ×Aα(k)]ρ (6)
where µ, ν, ρ = x, y, z and ǫµνρ = ±1 for the even (odd) per-
mutation of (x, y, z), α ≡ (i, n), with i referring to the original
band index and n referring to the Floquet index[66]; Aα(k) is
the Berry connection, and fα is the occupation function. Thus
the Hall conductivity depends not only on the Berry curva-
ture but also on the fermion occupation, the latter of which is
nonuniversal, being dependent on details of the systems (e.g.
the coupling between the systems and the bath). Below we
focus on the case in which the occupation is close to equilib-
rium, namely, f(i,n) = δn0ni(Ei,k), where ni(Ei,k) is the Fermi-
Dirac distribution. For the incident light beams along the x
direction, the interesting component of the Hall conductivity
is σyz, which can be found as (Supplemental Material)
σyz(T, µ, λ) = e
2
2
∫ d3k
(2π)3 [
ˆd · ( ∂
ˆd
∂ky
× ∂
ˆd
∂kz
)](n+ − n−)
=
e2
2
∫ d3k
(2π)3
λv(m˜ − 2Bk2x + Bk2)
˜E3
+,k
(n+ − n−),(7)
where ˆd = d/|d| with d = Tr[~τHeff]/2, and n± =
1/[e( ˜E±,k−µ)/T +1] is the Fermi-Dirac distribution with µ denot-
ing the chemical potential. For nonzero temperature (T , 0)
or doped system (µ , 0), analytic simplification of Eq.(7)
is not available, and we need to treat Eq.(7) numerically(see
Fig.2). From Fig.2(a) we can see that σyz(T, 0, λ) increases
and saturates as λ is increased. The saturation occurs at
smaller λ when T is lower. As T → 0, the σyz-λ curve ap-
proaches a step function, jumping from σyz = 0 at λ = 0 to a
nonzero value σyz(0, 0, λ , 0) at λ > 0. Taking µ = T = 0 in
Eq.(7) leads to
σyz(0, 0, λ , 0) = e
2
πh
√
m
B
− e2A20sgn(cosφ), (8)
where we have restored the Planck constant h. It is read-
ily seen that σyz(0, 0, λ , 0) is proportional to the distance
between the two Weyl points. The Hall conductivity can be
easily tuned by the incident angle of light. For instance, the
nonzero component is σxz instead of σyz if the incident light
is along the y direction.
This behavior is remarkably different from the light-
induced Hall effect in Weyl semimetals[84]. The proposal of
Ref.[84] is to separate existing Weyl points in WSMs by light,
while ours is to create Weyl points from NLSMs. The former
is a second-order effect proportional to A20, while the AHE
in the present work is a zeroth-order effect, which should be
much more pronounced in experiment. In general, the dis-
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FIG. 2: The dependence of Hall conductivity on temperature (T ),
chemical potential (µ), and the intensity of the incident light beam λ.
The common parameters in use are m = 1, B = 1, ω = 2, φ = π, v =
1, ǫ0 = 0, and we have defined the shorthand notation σ0 = e
2
πh
√
m
B .(a) σyz at µ = 0 as a function of λ for several values of T ; (b) σyz at
T = 0 as a function of λ for several values of µ.
tance between the two photoinduced Weyl points is of the or-
der of 2π/a, a referring to the lattice constant; thus, we have
the estimation σyz ∼ (e2/h)(2π/a).
Fermi arc as the descendent of drumhead states.— The dis-
persion of the surface states of the NLSM takes the shape
of a drumhead or a bowl, i.e., a nearly flat band bounded
by the projection of the bulk nodal line to the surface Bril-
louin zone. When ǫ0 = 0, the dispersion becomes exactly
flat. Since the NLSM is driven to a WSM phase in our study,
it is a natural question how a Fermi arc comes from a drum-
head (or bowl). We consider a semi-infinite geometry, namely,
the sample occupies the entire z > 0 half-space. The k-
space energy eigenvalue problem is translated to the real space
as Heff(kx, ky,−i∂z)Ψ(x, y, z) = E(kx, ky)Ψ(x, y, z), under the
boundary conditions Ψ(z = 0) = 0 and Ψ(z → +∞) = 0.
We find that the surface mode wave function takes the form
of
Ψ(x, y, z) = Neikx xeikyy sin(κz)e−γzχ, (9)
with
E(kx, ky) = −λky + ǫ0(kx, ky), (10)
where χ = (1,−i)T/√2, N is a normalization factor, and
γ = v2B , κ =
1
2B
√
4B[m˜ − B(k2x + k2y )] − v2. Implicit here
is that 4B[m˜ − B(k2x + k2y )] − v2 > 0, so that κ is real val-
ued; in the cases of 4B[m˜ − B(k2x + k2y)] − v2 < 0, the solu-
tion can be obtained by replacing sin(κz) by sinh(|κ|z), namely,
Ψ(x, y, z) = Neikx xeikyy sinh(|κ|z)e−γzχ. It is found that the nor-
malizability requires
k2x + k2y < m˜/B, (11)
which determines the region where the surface modes exist.
It is notable that the dispersion given by Eq.(10) shows a chi-
ral nature in the y direction. As a comparison, we note that
the surface states of the NLSM can be recovered by letting
λ = 0, which, according to Eq.(10), leads to the dispersion
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FIG. 3: The surface states of the NLSM and the Floquet WSM. The
values of parameters are taken to be m = B = 1, ω = 2, φ = π, v = 1,
and ǫ0(k) = 0.1(k2x + k2y ). The chemical potential µ has been tuned
to the Weyl band-touching points. (a) The shadow area (k2x + k2y <
m/B) represents the drumhead surface states of the pristine NLSM,
and the dashed lines enclose the area of surface states of the Floquet
WSM(k2x + k2y < m˜/B), with the three colors referring to three values
of λ, as indicated in the figure. The solid curves are the Fermi arcs
connecting the projections of the two Weyl points onto the surface
Brillouin zone. (b) The surface state dispersions of both the pristine
NLSM and the Floquet WSM (with the driving parameter λ = 0.1).
Tilting the surface state dispersion of the NLSM leads to that of the
WSM. The intersection of the dispersion of WSM and the E = µ
plane is the Fermi arc.
of the drumhead or bowl states: E(kx, ky) = ǫ0(kx, ky). The
region of the drumhead or bowl is given by Eq.(11) with m˜
replaced by m, namely, k2x +k2y < m/B. An illustration is given
in Fig.3(a), in which the surface state of the pristine NLSM is
represented by the shadow area, and the surface states of the
Floquet WSM for three values of intensity of incident laser are
enclosed by the three dashed lines with different colors. Be-
cause of the nonzero λ generated by the incident laser, which
enters Eq.(10), the dispersion of the drumhead or bowl states
of the pristine NLSM becomes tilted (see Fig.3(b)).
Spinful NLSMs.— SOC can change the size and location
of nodal lines or gap them out. Let us first consider the
first case. For concreteness, we consider a model Hamilto-
nian Hs(k) = (m − Bk2)τx + vkzτz + ∆soτxsz, where sz is the
Pauli matrix for spin, and ∆so quantifies SOC. This model
hosts two nodal lines, and is relevant to the NLSM candi-
4date TlTaSe2[60]. Using the method of the previous sections,
we can find the effective Floquet Hamiltonian Hs,eff(k) =
(m − Bk2)τx + vkzτz + ∆soτx sz + λkyτy, with spectrum E =
±
√
(m˜ ± ∆so − Bk2)2 + v2k2z + λ2k2y , in which the expressions
for λ and m˜ are the same as given below Eq.(4). Thus the sys-
tem is driven to the WSM phase with four Weyl points at K±1 =
±(√(m˜ + ∆so)/B, 0, 0) and K±2 = ±(
√(m˜ − ∆so)/B, 0, 0).
Effect of a small gap.— In several candidates of NLSMs,
the nodal line can be gapped out if a small spin-orbit
coupling[53, 54, 91] is included. Below we show that such
a small gap introduces a threshold laser intensity. Let us con-
sider the model
Hg(k) = (m − Bk2)τx + vkzτz + λsoτysz, (12)
where sz refers to the z component of spin, and the λsoτysz
term induces an energy gap 2|λso|. With an incident laser, the
effective Hamiltonian reads
Hg,eff(k) = (m − Bk2)τx + vkzτz + λsoτysz + λkyτy, (13)
with spectrum E = ±
√
(m˜ − Bk2)2 + v2k2z + (λky ± λso)2.
There are clearly four generated Weyl points, located
at Q±1 = (±
√
m˜/B − (λso/λ)2, λso/λ, 0), and Q±2 =
(±
√
m˜/B − (λso/λ)2,−λso/λ, 0). It is readily seen that the
main effect of the gap is a threshold laser intensity λth =√
λ2soB/m˜, above which the Weyl points can be generated. Be-
low the threshold laser intensity the system is gapped.
Experimental considerations.— Among other possibilities,
it should be feasible to test our predictions in the film of
NLSMs. The incident light has a finite penetration depth δ,
and it is most efficient to measure the Hall conductivity in
film with thickness ∼ δ. The estimation of δ becomes simple
when the Fermi velocities along the z direction and the x − y
direction are the same, namely, when 2
√
mB = v, and the
optical absorption rate can be straightforwardly estimated fol-
lowing Ref.[97], leading to δ ∼
√
B/(mα2), where α ∼ 1/137
is the fine structure constant. Since
√
B/m is the inverse of
the radius of the nodal ring, we expect that it is of the order
of a few lattice constants, thus δ ∼ several hundred lattice
constants. Taking the NLSM candidate ZrSiS as an example,
we have estimated that a film of thickness 100nm and size
100µm × 100µm can generate a Hall voltage∼ 1 mV with a
dc current of 100 mA (Supplemental Material), which can be
readily measured experimentally.
In the pump-probe experiments[78], 2e2v2A20/ω ∼ 50meV
is attainable at photon energy ~ω = 120meV (Ref.[78]); there-
fore, if we take v2/B ∼ 0.5eV, we have |λ| ∼ 0.1v. Since we
have shown that the Fermi velocity of the Fermi arc is λ, we
can see that, within the current experimental feasibility, it can
reach a tenth of the bulk Fermi velocity of the NLSMs. This
can be detected by the pump-probe angle-resolved photoemis-
sion spectroscopy (ARPES)[78, 79].
Conclusions.— We have shown that NLSMs are tailor-
made materials for optically creating Floquet Weyl points.
Remarkably, polarized light with infinitesimal intensity is suf-
ficient in principle. The resultant Floquet WSMs have a large
AHE controllable by the laser beams, e.g., reversing the hand-
edness of the incident light changes the sign of the anomalous
Hall conductivity. The Fermi arcs of the Floquet WSMs have
an appealing interpretation, namely, they come from tilting the
drumhead surface dispersion of NLSMs. The photoinduced
Fermi arcs and bulk Weyl points can be detected in pump-
probe ARPES, and the AHE can be measured in transport
experiments. Our proposal can be generalized to cold-atom
systems[98] by shaking lattice[99–101].
Apart from potential applications of the large and tunable
AHE in high-speed electronics, the tunability of the Floquet
WSMs also facilitates the future investigations of many novel
physics therein by techniques absent in the static systems (e.g.
spatial modulation of light [102]). From a broader perspec-
tive, our work suggests that Floquet topological semimetals
are fruitful platforms in the study of topological matters.
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Supplemental Material
This supplemental material contains: (i) The creation of
Weyl points in nodal line semimetals by circularly polarized
light with a general incident angle, (ii) The derivation of the
anomalous Hall conductivity, and (iii) Details of experimental
estimations.
CREATION OF FLOQUET WEYL POINTS BY INCIDENT
LIGHT IN AN ARBITRARY DIRECTION
In the main text we have considered the case that the in-
cident light is along the x direction, which is in the plane of
nodal line. In this supplemental material we treat the cases
of general incident angles. We shall see that the main results
are qualitatively the same, except when the light is along the z
direction, for which Floquet Weyl points cannot be created.
As the Hamiltonian has rotation symmetry in x-y plane, we
can always rotate along the z axis so that the incident light is
parallel to the x − z plane. Let us denote the angle between
the incident light and the x axis as θ (see Fig.4). The vector
potential is
A(t) = A0( sin θ sin(ωt + φ), cos(ωt), cos θ sin(ωt + φ) ),(14)
where φ = 0 and φ = π corresponds to right-handed
and left-handed circularly polarized light, respectively. The
time-periodic Hamiltonian can be expanded as H(k, t) =∑
n Hn(k)einωt, with the Fourier components
H0(k) = [m − Be2A20 − Bk2]τx + vkzτz,
H±1(k) = −eA0[B(ky ∓ ie±iφkx sin θ ∓ ie±iφkz cos θ)τx
±(ie±iφv cos θ/2)τz],
H±2(k) = −Be2A20(1 − e±i2φ)τx/4. (15)
and Hn = 0 for |n| > 2. The effective time-independent
Hamiltonian can be obtained as
Heff(k) = H0 +
∑
n≥1
[H+n,H−n]
nω
+ O( 1
ω2
)
= [m − Be2A20 − Bk2]τx + vkzτz + λ cos θkyτy,(16)
where λ = −2Bve2A20 cos φ/ω. Therefore, tuning the inci-
dent direction from θ = 0 (i.e. the x direction) to a general θ
changes the y-th Fermi velocity of the Floquet Weyl points to
λ cos θ. When cos θ , 0, i.e., the incident light is not in z direc-
tion, two Weyl points are created at K± = (±
√
m
B − e2A20, 0, 0).
Therefore, as long as the incident light is not perpendicular to
the plane of nodal line/ring, the nodal line semimetal will be
driven to Weyl semimetal by a circularly polarized light.
DEVIATION OF THE FORMULAS OF ANOMALOUS HALL
CONDUCTIVITY
According to the Floquet theory(see e.g. Ref.[65]),
the wavefunction Ψα(k, t) that satisfies the time-dependent
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FIG. 4: Sketch of the incident angle.
Schrodinger equation i∂tΨα(k, t) = H(k, t)Ψα(k, t) can be
written asΨα(k, t) = e−iǫαtΦα(k, t), in which ǫα is the so-called
quasi-energy and Φα(k, t) is periodic, namely, Φα(k, t + T ) =
Φα(k, t), T = 2π/ω being the driven period. The periodic
function Φα(k, t) satisfies [H(k, t) − i∂t]Φα(k, t) = ǫαΦα(k, t).
Since Φα(k, t) is periodic, it can be expanded as Φα(k, t) =∑
n e
inωtΦ
(n)
α (k), in which the Fourier components Φ(n)α (k) sat-
isfy the Floquet equation
[εα(k) − nω]Φ(n)α (k) =
∑
m
Hn−m(k)Φ(m)α (k) (17)
with Hn−m(k) = 1T
∫ T
0 dte
i(m−n)ωtH(k, t). In the off-resonant
regime (ω much larger than other energy scale), based on per-
turbation theory[65], it is found that
Heff(k)Φ(0)α (k) = Eα(k)Φ(0)α (k),
Φ(n)α (k) = −
Hn
nω
Φ(0)α (k) for n , 0. (18)
where
Heff(k) = H0 +
∑
n≥1
[H+n,H−n]
nω
+ O( 1
ω2
) (19)
It follows from the linear response theory[66] that the for-
mula for the Hall conductivity is given by
σµν = e
2ǫµνρ
∫ d3k
(2π)3
∑
α
fα(k)[∇k × Aα(k)]ρ, (20)
where Aα(k) = −i ≪ Φα(k)|∇k|Φα(k) ≫≡
1
T
∫ T
0 dt〈Φα(k, t)|∇k|Φα(k, t)〉. The Berry connection Aα(k)
can also be written as
Aα(k) =
∑
n
Aα,n(k) = −i
∑
n
〈Φ(n)α (k)|∇k|Φ(n)α (k)〉 (21)
As has been obtained in the main text, Heff(k) takes the fol-
lowing form,
Heff(k) = [m˜ − Bk2]τx + vkzτz + λkyτy. (22)
It is readily found that Eα=±(k) =
±
√
[m˜ − Bk2]2 + v2k2z + λ2k2y , and Φ(0)α (k) are given by
Φ
(0)
+ (k) =
(
cos θk2
sin θk2 e
iϕk
)
,Φ
(0)
− (k) =
(
sin θk2 e
−iϕk
− cos θk2
)
, (23)
yI
zV
x
y
z
zl
d
yl
FIG. 5: Sketch of the experimental setup for the measurement of
anomalous Hall effect. The nodal line lies in the x-y plane, and the
circularly polarized light is incident along the x direction. Iy denotes
an electric current in the y direction, ly is the spacing between the
current contacts, lz is the spacing between the voltage contacts, d is
the thickness of the sample, and Vz is the Hall voltage to be measured.
where θk = arccos vkzE+(k) and ϕk = arctan
λky
m˜−Bk2 . For the case
that the occupation is close to equilibrium, namely, f±,n(k) =
δn,0n±(E±(k)), where n±(E±(k)) = 1/(e(E±(k)−µ)/T + 1) is the
Fermi-Dirac distribution. With the O(1/ω2) terms omitted,
the Hall conductivity takes the following form:
σµν = e
2ǫµνρ
∫ d3k
(2π)3
∑
i=±
ni(Ei(k))[∇k ×Ai,0(k)]ρ. (24)
A combination of Eq.(21) and Eq.(23) gives
A+,0(k) = −A−,0(k) = sin2 θk2 ∇kϕk, (25)
thus Eq.(24) can be rewritten as
σµν =
e2
2
ǫµνρ
∫ d3k
(2π)3 sin θk[∇kθk × ∇kϕk]ρ(n+ − n−), (26)
this formula can be further rewritten as
σµν =
e2
2
∫ d3k
(2π)3 [
ˆd · (∂kµ ˆd × ∂kν ˆd)](n+ − n−), (27)
where ˆd = (sin θk cosϕk, sin θk sin ϕk, cos θk). The unit vec-
tor ˆd can also be expressed in the form ˆd ≡ d/|d| with
d = Tr[~τHeff]/2. A direct calculation leads to the final ex-
pression
σyz =
e2
2
∫ dk3
(2π)3
λv(m˜ − 2Bk2x + Bk2)
[E+(k)]3 (n+ − n−). (28)
DETAILS OF EXPERIMENTAL ESTIMATIONS
In this section, we provide more details for the estimated
transport measurements discussed in the main text. We still
assume that the nodal line lies in the x-y plane, and the circu-
larly polarized light is incident along the x direction. A sketch
of the experimental setup for measurement of the anomalous
Hall effect is given in Fig.5. In this setup, Iy is a constant
8current in the y direction, ly is the spacing between current
contacts and lz is the spacing between voltage contacts, d is
the thickness of the sample, and Vz refers to the Hall voltage
to be measured. Assuming a uniform distribution of the cur-
rent through the entire thickness, we obtain the Hall voltage
Vz as follows [84]:
Vz ≈
σyzδ/d
σ2yy + (σyzδ/d)2
× lzlyd × Iy, (29)
where δ is the penetration depth of light, given by δ(ω) =
n(ω)ǫ0c
Reσxx(ω) , where n(ω) is the refraction index of the sample, ǫ0
the permittivity of vacuum, c the speed of light, and Reσxx(ω)
denotes the real part of the optical conductivity in the x direc-
tion. For nodal line semimetal, if we assume that the Fermi
velocities in the two transverse directions are the same, we
have Reσxx(ω) = e2h π8
√
m
B .
In the following, we take the experimentally-confirmed
nodal line semimetal ZrSiS as a concrete example to esti-
mate the Hall conductivity σyz and the Hall voltage Vz. For
a circularly polarized light parallel to the x-y plane ( or the ab
plane) of ZrSiS, the distance between induced Weyl points is
∆ ≈ 2π/a (i.e. the size of the nodal line in ZrSiS is very large)
with a ≃ 3.5Å the lattice constant in x-y plane. Thus
σyz =
e2
h
∆
2π
≈ 1.0 × 105Ω−1m−1. (30)
To be close to the experimental condition[78], we take the fre-
quency of light to be ~ω = 120 meV. Let us take the refraction
index to be n(ω) ≈ 3, then the penetration depth is[84]
δ ≃ n(ω)ǫ0c(πe2/16h)∆
≈ 3 × 8.85 × 10
−12 × 3 × 108
( 1.62×10−386.63×10−34 ) × (3.142/8)
a
≈ 167a ≈ 586Å. (31)
We shall use the measured value[87] of the dc conductivity
σxx at 300 K, which is σxx ≈ 6.6 × 106 Ω−1m−1. Let us take
the sample size to be ly = lz = 100 µm, d = 100 nm. Suppose
that the electric current is Iy = 100 mA, then a combination of
Eq.(29), Eq.(30) and Eq.(31) yields the resultant Hall voltage
Vz ≈ 1.3 mV, which is easily observable in realistic experi-
ments.
